ABSTRACT To evaluate a possible role for adenylate cyclase [ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.11 and adenosine 3':5'-cyclic monophosphate in the secretion of endolymph, we studied the effect of an intra-scala media injection of purified cholera toxin (an adenylate cyclase stimulant) on cochlear endolymph volume, endolymphatic potential, and endolymphatic, Na and K concentrations. The endolymph volumes of animals injected with either deactivated cholera toxin or 0.15 M KCI were the same, and there was no difference in the endolymphatic potential in the control and treated groups. The increased endo-ymph volume suggests the resence of an active adenylate cyclase system in the scala media which may play a role in the formation of endolymph. Adenosine 3':5'-cyclic monophosphate (cyclic AMP) has been shown to be the intracellular mediator of salt and water absorption in the toad urinary bladder (1) and renal collecting tubules (2, 3). It has also been shown to enhance secretion from the intestinal epithelium (4), salivary glands (5), pancreas (6), and renal tubule (7). Cyclic AMP production has been stimulated by biogenic amines, many hormones (8), and purified cholera exotoxin (9, 10). By a direct stimulatory action on adenylate cyclase [ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.1], cholera toxin produces secretion of isotonic fluid by the gut (11), the action being mimicked by agents that increase cellular cyclic AMP concentrations. Although the molecular mechanisms for fluid absorption and secretion are not known, it has been demonstrated that cyclic AMP can alter membrane permeability (2, 12) as well as membrane electrolyte secretion (4, 7).
endolymphatic, Na and K concentrations. After measurement of an initial endolymphatic potential, deactivated cholera toxin, cholera toxin, or 0.15 M KCI (all with known amounts of [14Clcarboxy-inulin) were injected into the scala media of guinea pigs. At 45, 75, and 120 min, the endolymphatic potential was measured and endolymph was aspirated. The concentration of ["4C]inulin was measured in the aspirate and the endolymph volume was calculated (assuming the volume or distribution of inulin was confined to the endolymphatic space). Concentrations of Na and K were measured in a separate group of animals 75 min after cholera exotoxin injection. There was no variation between Na and K concentrations in control and treated animals. However, 75 min after injection there was a significant difference (P < 0.01) between endolymph volumes in control (0.99 I 0.08 ,A) and treated (2.48 1 0.32) animals. A significant (P < 0.05) variation was also demonstrated between control (1.66 + 0.06) and treated (3.58 L 0.73) animals 120 min after injection. The endolymph volumes of animals injected with either deactivated cholera toxin or 0.15 M KCI were the same, and there was no difference in the endolymphatic potential in the control and treated groups. The increased endo-ymph volume suggests the resence of an active adenylate cyclase system in the scala media which may play a role in the formation of endolymph. Adenosine 3':5'-cyclic monophosphate (cyclic AMP) has been shown to be the intracellular mediator of salt and water absorption in the toad urinary bladder (1) and renal collecting tubules (2, 3) . It has also been shown to enhance secretion from the intestinal epithelium (4), salivary glands (5), pancreas (6) , and renal tubule (7) . Cyclic AMP production has been stimulated by biogenic amines, many hormones (8) , and purified cholera exotoxin (9, 10) . By a direct stimulatory action on adenylate cyclase [ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.1], cholera toxin produces secretion of isotonic fluid by the gut (11), the action being mimicked by agents that increase cellular cyclic AMP concentrations. Although the molecular mechanisms for fluid absorption and secretion are not known, it has been demonstrated that cyclic AMP can alter membrane permeability (2, 12) as well as membrane electrolyte secretion (4, 7) .
The stria vascularis is assumed to be the epithelia membrane responsible for the maintenance of the endolymphatic potential (EP) and endolymph secretion into the scala media of the cochlea (13, 14) .
The present study was performed to demonstrate the presence and possible role of cyclic AMP in the stria vascularis by stimulating intracochlear adenylate cyclase with purified cholera toxin. The toxin had a significant effect on endolymph production, although it did not alter either endolymphatic potential or electrolyte composition.
MATERIALS AND METHODS
Experiments were performed on guinea pigs (Hartley strain) weighing between 150 and 300 g that were allowed free access to food and water. They were deprived of food but not water for [11] [12] [13] [14] [15] [16] [17] [18] hr prior to study. They were anesthetized with an intraperitoneal injection of DIAL with urethane (0.9 g/kg of body weight). A tracheostomy was performed and artificial ventilation was maintained by positive pressure ventilation. The animals were placed on a warmer and the electrocardiogram was constantly monitored. After a ventromedial incision in the neck and removal of the posterior portion of the mandible, the auditory bulla was exposed and removed. The basilar membrane of the first turn of the cochlea was exposed after removal of the round window membrane (15) .
An initial endolymphatic potential measurement was made using a single barrel electrode (tip diameter 2-5 Aim). Only animals having an initial EP of greater than +50 mV were studied. The pipettes were constructed and the electrodes were arranged as described previously (15 (17) .
RESULTS
The effect on endolymphatic volume of injecting cholera toxin into the scala media is shown in Fig. 1 0.15 M KCI and deactivated toxin were used for control experiments, and as demonstrated in Fig. 1 there was no difference between the two. In a separate group of animals, electrolyte levels were measured 75 min after injection of cholera toxin into the scala media. As shown in Table 1 , the increased endolymph secretion was similar to normal endolymph as regards the concentrations of sodium and potassium. Control sodium and potassium concentrations (mM) were 4.82 I 0.24 and 147 I 2.80, respectively, as compared to the experimental groups, which were 5.07 + 0.47 and 142.0 4 2.89.
Although there was a 13.1% drop in the EP between the initial and final measurements in the animals injected with cholera toxin in the 40 min experiments and a 19.5 and 20.3% drop in the 80 and 120min experiments, respectively, there was no significant difference between the values for the control and treated groups (Table 2) .
DISCUSSION
With use of the inulin distribution method of volume measurement, endolymphatic volume ranged from 0.99 to 1.66 at varying times after inulin injection (Fig. 1) . Endolymph volume has previously been calculated to be approximately 2 ,gl in the guinea pig (14) and 2.9 4l in the cat using morphological measurements (19) . Our volume approached 2 Al with time as the label diffused into the more apical turns of the cochlea and possibly into the ductus reunions, saccule, and endolymphatic sac.
Endolymph production is significantly increased (P < 0.01) by the addition of cholera toxin to the scala media (Fig. 1) , the increase being unassociated with changes in either electrolyte composition or EP (Tables 1 and 2 ). In order to ensure that this difference was not due to an oncotic effect of a protein load, both 0.15 M KCI and deactivated cholera toxin were used for control injections. Fig. 1 demonstrates that there was no difference between the two control injections.
These findings of a normal concentration of sodium and potassium in endolymph and a normal endolymphatic potential suggest that cholera toxin had no important pathological effect on the cochlear membranes.
Cholera toxin provides a useful pharmacologic agent for study of the adenylate cyclase enzyme because: (a) it is known to have an activating effect on adenylate cyclase in the small intestinal mucosa (20) , liver (21) , thyroid (22) , leukocyte (23) , and kidney (29); (b) it induces isotonic fluid secretion in the gut (24) and urinary electrolyte excretion in the kidney (7); (c) it is a soluble, high-molecular-weight protein (10) that is easily injected into the scala media and could produce its effect from the luminal side (20) ; and (d) its effect is apparently nonspecific for all adenylate cyclase enzymes irrespective of the specificity of the particular receptor sites with which they are associated. The lag period of greater than 1 hr demonstrated in the present study (Fig. 1) is similar to that found in other cholera toxin models (6, 20) , and the concentration of toxin found to be effective in the present study was similar to that used in canine gut sac experiments (20) (2) demonstrated that after addition of cyclic AMP, the proximal tubular epithelium became permeable to mannitol while remaining impermeable to inulin. This provided reaffirmation that inulin was the most satisfactory marker for membrane studies.
It has been proposed by Dous'a and his coworkers (29) that permeability changes to water in plasma membranes associated with cyclic AMP mediation may be due to reversible phosphorylation of proteins in plasma membranes. They provided a mechanism by which the neurohypophyseal hormone, vasopressin, could increase renal absorption of water by the renal collecting duct. All of the required elements have been found in mammalian renal medulla, and a number of experimental models have supported this hypothesis.
It is apparent that' the cholera toxin-induced cyclic AMP production could facilitate excess endolymph production by one of the several secretory mechanisms speculated in other organ systems; further studies are needed to define the exact mechanism.
Excessive inner ear fluid production has been described clinically in Meniere's disease, idiopathic endolymphatic hydrops, as well as in endolymphatic hydrops of known causes.
However, little is known concerning the etiology of the disease, and it is not known to occur spontaneously in animals (30) . Kimura (31) found that when the endolymphatic sac was obliterated, histologic observation revealed consistent hydrops, as demonstrated by convexity of Reissner's membrane. Although Meniere's disease could be attributed to changes solely in the endolymphatic duct and sac, Kimura and Schuknecht
